Abstract Aims/hypothesis: Type 2 diabetes mellitus is characterised by increased plasma NEFA and IL-6 concentrations, and IL-6 increases lipolysis in healthy men. We assessed the adipose tissue hormone-sensitive lipase (HSL) mRNA expression, protein expression and HSL activity in patients with type 2 diabetes mellitus, and determined the effect of IL-6 administration on these measures. Methods: Seven patients with type 2 diabetes mellitus (age 67±4 years, weight 87±7 kg) and six age-and weight-matched individuals visited the laboratory on two occasions. Subcutaneous adipose tissue biopsies and blood samples were obtained prior to and during 3 h of either saline or recombinant human IL-6 infusion. Results: HSL mRNA was reduced (p<0.05) by ∼40% in type 2 diabetes mellitus relative to control subjects, while HSL protein expression showed a tendency to be decreased (35%, p=0.09). HSL activity averaged 8.87±1.25 and 6.91±1.20 nmol min −1 mg −1 protein for control and type 2 diabetic subjects respectively (p<0.05). IL-6 administration increased (p<0.05) HSL mRNA 2-fold at 60 min in both groups, whereas HSL protein and activity were unaffected by IL-6. Plasma insulin was elevated (p<0.05) in patients with type 2 diabetes mellitus at rest and was blunted (p<0.05) during IL-6 infusion in both groups. Plasma glucagon and cortisol were elevated (p<0.05) by IL-6 in both groups. Conclusions/interpretation: Our data demonstrate that basal HSL is decreased in patients with type 2 diabetes mellitus, and this may be a consequence of elevated plasma insulin levels. We have also shown that IL-6 administration increases HSL gene expression, although it exerted no effect on HSL protein and activity. This disparity between mRNA, protein and enzyme activity may be a function either of the marked alterations in the hormonal milieu induced by IL-6 administration and/or of post-transcriptional events.
Introduction
Type 2 diabetes mellitus is associated with increased plasma concentrations of circulating NEFA [1] , which are thought to contribute to the pathogenesis of insulin resistance [2] . Plasma NEFA concentration reflects the balance between adipose tissue lipolysis and uptake (oxidation and esterification) by peripheral tissues. Hormone-sensitive lipase (HSL) is an important enzyme in the control of adipose tissue lipolysis, although studies in HSL knock-out mice implicate the presence of other triacylglycerol lipases [3] . HSL activity is acutely controlled by reversible phosphorylation, and is rapidly up-regulated by adrenergic stimulation, which increases intracellular cyclic AMP, protein kinase A, triacylglycerol hydrolysis and fatty acid release, whereas insulin antagonises these effects [4] .
A number of studies have demonstrated an increased rate of NEFA turnover in obese and insulin-resistant individuals [5, 6] , and the hormonal regulation of HSL has been well described in adipose tissue from healthy individuals [4] . Measurements of HSL activity and lipolysis have been conducted in adipose tissue of obese and insulin-resistant individuals, two conditions that precede the development of type 2 diabetes mellitus. Whereas in vitro studies have not demonstrated increased HSL activity and lipolytic rates in obesity [7] , others have reported reduced HSL mRNA and protein and maximal lipolytic rate in subcutaneous adipocytes obtained from obese subjects [8] . Additionally, obese subjects expressing the truncated HSL variant (80 M r ), exhibit lower maximal HSL activity and lipolytic rates. As with obesity, data on the relationship of HSL with insulin resistance are conflicting, with reports of decreased maximal lipolytic rates [9] or unchanged HSL activity with insulin resistance [10] . The conflicting evidence may be due to the fact that insulin is elevated in states of insulin resistance and has a potent inhibitory effect on HSL activity. However, no information exists pertaining to adipose tissue HSL gene and protein expression, and to HSL activity in patients with type 2 diabetes mellitus, who are characterised by chronically elevated insulin levels. Thus, our first aim was to determine whether the increased NEFA and insulin observed in patients with type 2 diabetes mellitus is associated with a perturbed resting expression and activity of HSL gene and protein. We hypothesised that HSL activity would be reduced at rest in such patients due to the inhibitory effect of insulin, and that this could result in elevated HSL mRNA and protein expression.
The increased release of proinflammatory cytokines is related to the occurrence of obesity-related disorders such as insulin resistance and type 2 diabetes mellitus (review see [11] ). It has been proposed that IL-6 plays a role in the increased plasma NEFA levels observed in type 2 diabetic patients, secondary to paracrine effects in adipose tissue. IL-6 is secreted by adipose tissue at rest [12, 13] and plasma IL-6 levels are elevated in insulin-resistant states [14, 15] . IL-6 exerts lipolytic effects in adipocytes [16, 17] and recombinant human (rh) IL-6 infusion increases adipose tissue lipolysis in healthy humans [18, 19] , resulting in increased plasma NEFA after prolonged (>2 h) infusion. Notably, the increased lipolysis occurs in the absence of changes in other hormones known to affect lipolysis [19] . Despite these findings, the mechanism or mechanisms underlying the stimulatory effect of IL-6 on adipose tissue lipolysis is not clear. In this context, our second aim was to determine the effect of IL-6 on HSL gene expression, protein expression and activity, and the plasma concentrations of various lipolytic hormones in patients with type 2 diabetes mellitus. We hypothesised that IL-6 infusion would increase HSL activity both in patients with type 2 diabetes mellitus, and in control subjects.
Subjects and methods
Subjects and study protocol We recruited seven men with type 2 diabetes mellitus (67±4 years; 87±7 kg; BMI 27±2 kg/m −2
) and six male age-and weight-matched control subjects (64±3 years; 89±2 kg; BMI 28±1 kg/m −2 ). The categorisation of patients to the type 2 diabetes mellitus group was determined, according to WHO 1999 criteria, by a fasting blood glucose concentration of more than 7.0 mmol/l and a post-OGTT blood glucose concentration of more than 11.1 mmol/l. None of the patients were receiving insulin treatment or taking oral hypoglycaemic agents or other medication known to alter carbohydrate metabolism. The time after diagnosis of type 2 diabetes mellitus was 4-10 years. Subjects were not physically active. Subjects provided their written consent after being informed of the possible risks and discomforts of the study. The study was approved by the Ethical Committee for Medical Research of Copenhagen and Frederiksberg and was conducted in accordance with the Declaration of Helsinki.
Subjects visited the laboratory on two occasions following an overnight fast and trials were separated by 7-14 days. Trials were blind, randomised and counterbalanced. Subjects were instructed to eat the same food on the day prior to the experiment on both occasions, and not to consume anything on the morning of each experiment, i.e. to come in a fasted condition. Upon arrival at the laboratory, subjects rested quietly on a bed and a venous cannula was introduced into an antecubital vein in one arm for blood sampling, and in the contralateral arm for saline or rh IL-6 infusion. At this time the subjects were also prepared for needle biopsy of the adipose tissue. For this, an incision was made through the skin and fascia under local anaesthetic (lidocaine, 2% epinephrine) at a site 10 cm lateral to the navel. A venous blood sample was obtained and was immediately followed by an adipose tissue needle biopsy. A 6-mm Bergstrom needle was introduced and inserted ∼5 cm medially from the abdominal adipose incision and suction was applied during cutting. Sample sizes were ∼130 mg wet mass. Adipose tissue and venous blood samples were also obtained at 1 and 3 h of infusion and were rapidly frozen in liquid nitrogen for later analysis.
On one occasion subjects were infused with rh IL-6, and on the other occasion with isotonic saline, both of which were mixed in sterile human albumin. IL-6 was infused at a rate of 7 μg h −1 because this dose of rh IL-6 infusion increases plasma IL-6 concentration with limited impact on the hormonal milieu [19] . No adverse systemic responses to the rh IL-6 infusion, e.g. shivering, change in core temperature, were reported by any of the subjects.
Assay of HSL activity by measuring the release of [ 3 H]-fatty acid Adipose tissue was analysed for HSL activity as described [20] and modified [21] . An aliquot of adipose tissue (∼30 mg) was homogenised for 10 s on ice in 20 volumes of homogenising buffer using a homogeniser (Polytron; Brinkman Instruments, Westbury, NY, USA) at full speed. After centrifugation (16,000 g for 1 h at 4°C), the fat-depleted infranatant was removed and stored on ice for immediate analysis of HSL activity. A substrate consisting of 5 mmol/l triolein, 14×10 6 dpm [9, 10] triolein, 0.6 mg phospholipid (phosphatidylcholine/phosphatidylinositol 3:1 w/w), 0.1 mol/l potassium phosphate and 20% BSA was emulsified by sonication. The adipose homogenate supernatant (15 μl) was incubated at 37°C with enzyme dilution buffer (85 μl) and 100 μl of triolein substrate. The reaction was stopped after 20 min by the addition of 3.25 ml of a methanol/chloroform/heptane (10:9:7, v:v:v) solution, and 1.1 ml of 0.1 mol/l potassium carbonate or 0.1 mol/l boric acid were added to facilitate the separation of the organic and aqueous phases. The mixture was mixed on a vortex, spun in a centrifuge at 1,100 g for 20 min and 1 ml of the upper phase containing the released fatty acids was removed for determination of radioactivity on a beta spectrometer (Tri-Carb 1500; Packard, Canberra, Australia). Activity was normalised to the total protein content of the homogenate (Pierce, Rockford, IL, USA). Because a triacylglycerol substrate was used, this assay measured HSL activity in the active form (net phosphorylation) and not maximal activity.
Determination of HSL protein by western blot analysis
Adipose tissue (∼40 mg) was homogenised (Brinkman Instruments) in ice-cold buffer containing 50 mmol/l HEPES, 150 mmol/l NaCl, 10 mmol/l NaF, 1 mmol/l Na 3 VO 4 , 5 mmol/l EDTA, 0.5% Triton X-100, 10% glycerol (v:v), 2 μg/ml leupeptin, 100 μg/ml phenylmethylsulfonyl fluoride, and 2 μg/ml aprotinin. Homogenates were centrifuged at 16,000 g for 60 min and the infranatant was removed and rapidly frozen in liquid nitrogen. Protein concentration of the tissue lysates was subsequently determined (Pierce). Tissue lysates (120 μg) were solubilised in Laemmli sample buffer and boiled for 5 min, resolved by SDS-PAGE on 10% polyacrylamide gels, transferred to a nitrocellulose membrane, blocked with 5% non-fat dry milk and immunoblotted with a polyclonal anti-rat HSL antibody (1:2,000). This antibody recognises human HSL with lower affinity than rat HSL. After incubation with horseradish peroxidase-conjugated secondary antibody (1:2,000; Amersham Biosciences, Castle Hill, NSW, Australia), the immunoreactive proteins were detected with enhanced chemiluminescence (Perkin Elmer, Rowville, Victoria, Australia) and quantified by densitometry, followed by analysis using Kodak 1D image analysis software. To compare HSL density between blots, an internal standard consisting of an aliquot of homogenised rat adipose tissue was included in each gel.
Determination of HSL mRNA by RT-PCR Approximately 60 mg of adipose was extracted for total RNA using a modification of the acid guanidium thiocyanate-phenol chloroform extraction method described elsewhere [22] . The total RNA was quantified and 1 ng of each total RNA sample was reverse-transcribed in a 10-ml reaction previously described [22] . Control samples were also analysed where all the above reagents are added to RNA samples except the Multiscribe Reverse Transcriptase. The reverse transcription reactions were performed using a GeneAmp PCR system 2400 (Perkin Elmer, Wellesley, MA, USA) with conditions at 25°C for 10 min, 48°C for 30 min and 95°C for 5 min. We added 2 ml 0.5 mmol/l EDTA (pH 8.0) to each sample and stored them at −20°C until further analysis. Real-time PCR was employed to quantitate human HSL mRNA. Human probe and primers were designed (Primer Express version 1.0 Applied Biosystems) from the human gene sequence accessed from Gen-Bank/EMBL. A 63-bp gene fragment was amplified using the forward primer 5′-ACGCTGCATAAGGGATGCTT-3′, the reverse primer 5′-CCTGTCTCGTTGCGTTTGTAGT-3′ (Sigma Geno-sys, Castle Hill, NSW, Australia) and a Taqman fluorescent probe 5′-FAM-CCTGTCTCGTTGCGTTTG-TAGT-3′ TAMRA (Applied Biosystems, Foster City, CA, USA). Ribosomal 18S was used as a constitutive housekeeping control (Applied Biosystems). We quantitated gene expression using a multiplex comparative critical threshold method (iCycler IQTM; Bio-Rad, Hercules, CA, USA) described in detail elsewhere [23] . Our real-time PCR methodology has been previously validated against other methods of mRNA measurements [24] .
Plasma hormone and metabolite analysis Plasma IL-6 was measured by a high-sensitivity enzyme-linked immunosorbent assay (R&D Systems, Minneapolis, MN, USA). Plasma insulin (Amersham Pharmacia Biotech, Uppsala, Sweden), cortisol (Diagnostic Products, Los Angeles, CA, USA) and glucagon (Linco Research, St. Charles, IL, USA) were measured by radioimmunoassay, and plasma catecholamines by HPLC as previously described [25] . Plasma NEFA and glycerol were measured using an automated analyser (Cobas Fara, Roche, France).
Statistics All data are expressed as means±SEM. Statistical significance was assessed by a three-way analysis of variance with repeated measures (group-condition-time). Specific differences were located using a StudentNewman-Keuls post hoc test. Statistical significance was set at a p value of less than 0.05.
Results
Plasma IL-6 Plasma IL-6 did not differ (p=0.24) at rest between the two groups, averaging 3.84±0.32 pg/ml. IL-6 infusion resulted in marked increases (p<0.05) in plasma IL-6 in control and type 2 diabetic subjects (Fig. 1) . Saline infusion had no effect on plasma IL-6 (Table 1) .
HSL mRNA The lower (p<0.05) basal expression of HSL mRNA in type 2 diabetic patients relative to control subjects was consistent across all subjects (Fig. 1a) . When expressed relative to control, HSL mRNA was ∼40% lower (p<0.05) in subjects with type 2 diabetes mellitus (Fig. 1b) . At 60 min IL-6 increased (p<0.05, time-treatment interaction) HSL mRNA expression ∼2.5-fold in both groups, but there were no differences in the response to IL-6 when comparing groups (Fig. 2) . There was no significant difference between pre-infusion and 180-min HSL mRNA in the two groups.
HSL protein HSL protein expression at 0 min was not different (p=0.09) between groups (Fig. 3) and was unaffected by IL-6 infusion (data not shown). HSL expression between subjects was variable and ranged between 5 and 35 arbitary units. The 88-M r HSL band represented 58±3% of the total HSL density in control subjects, whereas the 80-M r HSL band represented 42±3% (p<0.05). The proportion of 88-M r (56±4%) and 80-M r (44±3%) bands to total HSL was similar between groups.
HSL activity Resting HSL activity in control subjects averaged 8.87±1.25 nmol min −1 mg −1 protein, and was attenuated (p<0.05) in subjects with type 2 diabetes mellitus (6.91±1.20 nmol min −1 mg −1 protein) (Fig. 4a ). When these data were expressed relative to adipose tissue mass, which takes into account potential changes in fat content within the adipocytes, these differences between control and type 2 diabetic subjects persisted. HSL activity was not affected by IL-6 or saline infusion in either group (Fig. 4b,c) . There was no correlation between HSL protein (total, 88 M r , 80 M r ) and HSL activity (r 2 =0.02).
Plasma hormones Plasma insulin was higher (p<0.05) in type 2 diabetic than in control subjects (Table 1) . Plasma insulin progressively decreased (p<0.05) during IL-6 infusion, such that at 180 min insulin during IL-6 infusion was lower (p<0.05; time-treatment interaction). Plasma insulin during saline infusion was not different from that during rest in either group. With regard to plasma epinephrine and norepinephrine, there was no difference between groups or trials, and values were unaffected by Data are presented as means±SEM, n=6-7 *p<0.05 for difference from 0 h of the same trial † p<0.05 for difference from corresponding time point for CON time (Table 1 ). Plasma glucagon was not different between groups and was increased (p<0.05) at 60 and 180 min during IL-6 infusion in both groups (Table 1) . Plasma cortisol was increased by 60 min during IL-6 infusion in both groups and remained elevated at 180 min (Table 1) . Saline infusion had no effect on plasma cortisol.
Plasma metabolites Plasma NEFA concentrations were higher (p<0.05) at rest in type 2 diabetic subjects compared with control subjects (Table 2) . Plasma NEFA was unaffected during saline infusion in both trials; whereas IL-6 infusion elicited a 23% (type 2 diabetes mellitus) and 31% (control) increase (p<0.05) in plasma NEFA by 180 min. Plasma glycerol was not different between groups or between trials (Table 2 ). Plasma glucose was higher (p<0.05) in type 2 diabetic subjects, but was unaffected in either group by saline or IL-6 infusions ( Table 2) .
Discussion
The present study demonstrates that patients with type 2 diabetes mellitus have decreased adipose tissue HSL mRNA and activity, with a tendency (p=0.09) for HSL protein to also be lower. Furthermore, acute rh IL-6 administration increases HSL expression but is without effect on HSL protein and activity in type 2 diabetic and control subjects. However, changes in the hormonal milieu do not allow the effects of IL-6 on HSL activity to be directly determined. Fatty acids derived from adipose tissue triacylglycerol hydrolysis are thought to contribute to the pathogenesis of insulin resistance and type 2 diabetes mellitus [26] . Plasma NEFA concentrations are elevated in type 2 diabetes mellitus. However, the underlying mechanisms leading to the pathogenesis are unresolved, although HSL is thought to play an important role because it catalyses hydrolysis of triacylglycerols and diacylglycerols via its interaction with perilipins and the lipid droplet [4] . In this context, we examined the activity of HSL in patients with type 2 diabetes mellitus and age-and weight-matched normoglycaemic/normoinsulinaemic control subjects.
The reduction in HSL mRNA (∼40%), protein (35%, NS) and HSL activity (25%) observed in patients with type 2 diabetes mellitus did not entirely support our original hypothesis. We hypothesised that HSL activity would be lower in patients with type 2 diabetes mellitus even though they had elevated plasma NEFA, because of the inhibitory effect of insulin, which was markedly higher in this group. While our data are consistent with this hypothesis, we also predicted that this would result in an upregulation of the mRNA expression and protein, as more protein would need to be translated due to the lower activity. However, mRNA and protein expression were attenuated in subjects with type 2 diabetes mellitus, suggesting that HSL phosphorylation is important in mediating the decreased HSL activity.
Alternatively, the greater lipolysis previously observed in type 2 diabetic patients [24] may result from other control points of lipolysis such as increased translocation of HSL to its substrate [27, 28] and/or alterations in perilipin phosphorylation [29] . Decreased perilipin expression is associated with increased maximal stimulated lipolysis [30] , but whether perilipin expression is attenuated in individuals with type 2 diabetes mellitus is unknown. The increased plasma NEFA levels observed in type 2 diabetes mellitus may not be a function of increased lipolysis but may instead be a function of decreased skeletal muscle fatty acid transport [31, 32] and/or reduced oxidative capacity [33, 34] . If this were indeed the case, then it is possible that the decreases in HSL mRNA, protein and activity are due to a feedback mechanism, whereby the rate-limiting enzyme in lipolysis is down-regulated to limit the systemic concentration of NEFA and the degree of pathogenesis associated with hyperlipidaemia. Such a hypothesis warrants further investigation. A significant finding of the present study was the high expression of both immunoreactive HSL bands (80 and 88 M r ). An alternatively spliced form of human HSL (HSL-s, 80 M r ), which results from the in-frame skipping of exon-6, was recently identified [35] . HSL-s is devoid of lipolytic activity and HSL-s is expressed in individuals with reduced HSL activity and maximal lipolytic capacity [8, 36] . In the present study, HSL-s was detected in all subjects and represented ∼40% of the total HSL protein, which is consistent with the ratio of the lower immunoreactive band previously detected in subjects with "low" maximal lipolytic rates [8] , and parallels the reduced HSL mRNA in subjects with type 2 diabetes mellitus. In contrast, HSL-s represents only ∼15% of total HSL protein [8] or is not detected [36] in subjects with "high" lipolytic rates. It has yet to be ascertained whether the relatively large portion of HSL-s affects resting lipolysis in vivo, which is a more relevant measure than maximally stimulated lipolysis in vitro. In this regard, plasma glycerol (Table 2) was not different between trials, and preliminary experiments from our laboratory suggest that the rate of appearance of palmitate is not related to HSL activity at rest (r 2 =0.12, n=8). It is also well documented that total HSL protein is positively correlated with maximal HSL activity and maximal lipolysis [8] . We determined the relationship between HSL protein (total, 88-M r HSL and 80-M r HSL) and resting HSL activity and report no meaningful correlations. These data suggest that "nonmaximal" HSL activity is largely determined by phosphorylation of the serine sites and not total protein content or the amount of HSL-s expressed.
Infusion of rh IL-6 into healthy humans increases net NEFA release from adipose tissue and increases wholebody lipolysis independently of marked changes in the hormonal milieu [19] . Therefore, we hypothesised that IL-6 would increase HSL activity. IL-6 increased plasma NEFA in both groups (Table 2 ) and as a consequence we were not surprised to find that in all subjects IL-6 increased HSL mRNA expression after 60 min. Interestingly, even though infusion persisted for 180 min, HSL mRNA returned to basal levels by this time. Despite the increased HSL mRNA, protein levels were unaffected by IL-6, which suggests that post-transcriptional events preclude the expected increase in HSL protein or that the HSL protein turnover rate is relatively slow. Given the mRNA data and the increased plasma NEFA seen during IL-6 infusion, the absence of change in HSL protein and activity in response to IL-6 was surprising. However, concomitant decreases in plasma insulin and increased plasma glucagon and cortisol confounded the possible effect or effects of IL-6 on HSL activity in type 2 diabetic patients. The reduced insulin would be expected to remove the inhibition on lipolysis [37] , whereas cortisol [38, 39] and glucagon [40] may increase lipolysis. Thus, it is possible that any direct stimulatory effect of IL-6 could be masked by the altered hormonal milieu induced by IL-6 infusion. Additionally, there are many components to the lipolytic response, of which HSL activation is only one. IL-6 may be involved in the translocation of HSL to the lipid droplet and/or the phosphorylation of proteins, such as perilipins, embedded on the lipid droplet surface, and this may explain the mechanism of lipolysis induced by IL-6 [41, 42] . Alternatively, HSL −/− mice accumulate diacylglycerol in adipose tissue, suggesting the presence of another triacylglycerol lipase [3] . Irrespective of the exact mechanism, it is difficult to explain the apparent mismatch between HSL activity, the increased plasma NEFA and the previously measured increase in adipose tissue lipolysis during IL-6 infusion [18, 19] . Finally, it is possible that we may have missed an effect on HSL activity at the selected time points. However, the consistent hormonal milieu within each trial would argue against such a possibility and further support the likelihood that another non-HSL-dependent mechanism is responsible for IL-6-induced lipolysis.
In conclusion, we have demonstrated for the first time that HSL mRNA, protein and activity are decreased in adipose tissue of patients with type 2 diabetes mellitus and that IL-6 increases HSL mRNA but not HSL activity. These data enhance our understanding of the processes of lipolysis in the pathogenesis of type 2 diabetes mellitus.
